Introduction
Vibratory drilling and other machining operations are known to be very effective when vibrations of high frequency (f = 20 -50 kHz) and small amplitude (A = 5 -20 μm are generated in the direction of feed [1] [2] [3] [4] [5] . Then:
1) rigidity of a technological system increases and cutting forces decrease, while accuracy and efficiency of processing rise;
2) deep holes of relatively small diameter can be drilled throughout without repetitive insertion and withdrawal of a drill from drilled hole cycles as it is common in conventional drilling;
3) chips are shattered into small segments, thus easing their removal from the hole.
In technological devices of vibratory drilling high frequency vibrations may be excited by piezoelectric generators. However, these devices are relatively expensive and they can be economically used only when production is either fairly large or specific (e.g. airspace or military industry). In ordinary practice of mechanical processing, when producing small serial items, many advantages of vibratory drilling may be achieved by applying simpler and cheaper technological devices. Authors of this article propose generation of torsional vibrations in a drilling operation with a generator of simple design. The operational principle of this generator is based on the interaction of permanent magnets placed on driving and driven links [6, 7] .
Study of drill torsional vibrations generated by noncontact magnetic mechanism
Fig. 1 presents the scheme of a generator of torsional vibrations designed for drilling operations. The generator is mounted on the spindle of a drilling machine. This generator comprises a noncontact magnetic mechanism consisting of two links: driving element 7, which is rigidly fixed on the machine shaft 3 and rotates together with spindle, and driven element 8 which is elastically fixed on a frame of drilling device 6. Z pairs of permanent magnets 4 are mounted on both links separated by gap δ.
In the process of drilling, when drill rotates with angular speed ω and is moved along its axis, the whole drilling device is moving in vertical plane (Fig. 1) guided by the sliding guides 9.
When a spindle 1 is subjected to external torque M misalignment of the axes of the poles of permanent magnets placed on different links occurs, magnetic conductivity of gap δ varies and the magnetic field in gap δ redistributes.
For this reason the tangent resistance forces of Fig. 1 Scheme of the generator of torsional vibrations designed for drilling operations: 1 -spindle; 2 -fixture of spindle; 3 -shaft of drilling device; 4 -permanent magnets; 5 -elastic elements; 6 -frame (protective hood); 7 -driving link; 8 -driven link of generator; 9 -sliding supports; 10 -drill; 11 -blank to be drilled magnetic fields of each magnet pair appear, which attempt to reset both links (driving and driven) to the conjunction position of the axes of permanent magnets poles. Since external torque M is significantly greater than resistance moments of z magnetic fields, the rotation of the spindle takes place at frequency ω simultaneously with its tor- sional vibrations. The frequency of torsional vibrations changes with the change of parameters z and ω and may be adjusted by changing quantity and placement of magnets.
In the case of placement of the same permanent magnets equally on both links, the frequency of torsional vibrations would be zω. In the case when poles of the magnets on both links are situated alternately, the frequency of torsional vibrations would be zω/2. The amplitude of torsional vibrations changes with the change of the magnitude of gap δ, the magnitude of coercive force of permanent magnets, their overlapping length l, etc. Driving link 8 has a passive role and it performs only torsional vibrations and moves vertically together with frame 6 of the device while drill 10 goes into the drilled blank 11.
To avoid the presence of chips formed during the operation in the magnetic field, protective hood (frame) 6 made of insulating material is used.
During the operation when a drill deepens into the hole drilled in blank 11, resistance moment M p emerges, therewith the drill is subjected to axial force P 0 . When the operating conditions of the system are beyond resonance, its simplified differential equations may be approximately expressed in the following way
where are moments of inertia of a driving link and driven link together with the machine tool spindle, respectively;
are angular displacements of driving and driven links, respectively; M 12 is moment of magnetic fields forces of z pairs, M is external torque of the spindle; M p is moment of resistance; C 1 , C 2 are angular rigidities of fixtures of driving and driven links, respectively.
Having rearranged Eq. (1) we obtain ( ) 
Function W(t) consisting of two moments M and M p may be considered to have constant and variable components:
where M 0 , M 01 are constant and variable components of the moments of external forces, respectively; ω is angular speed of spindle rotation; t is time.
The moment of magnetic field forces defines the efficiency of magnetic mechanism [8] .
When magnetic poles are placed in two links of magnetic mechanism in the same order (Fig. 2, a) 
where D is diameter of permanent magnets distribution on a driving link; l is length of permanent magnet; μ 0 is magnetic permeability of a gap; B is induction of magnetic field in a gap; z is number of permanent magnet pairs. Then the excitation frequency will be zω. When magnetic poles are alternately placed in both magnetic mechanism links (Fig. 2, b) ( ) 
where F Σ is total magnetic force generated by both magnetic mechanism links; f F is static force function depending on the width of permanent magnets poles, interrelation of their step and operating gap; b is distance between the poles. Then the excitation frequency will be ω Taking into account specificity of the magnetic mechanism operation it is expedient to study the possibility of the appearance of parametric vibrations. Therefore, instead of Eq. (2) we will study the equation 
Eq. (7) characterizes parametric torsional vibrations in the system. Their nature depends on the values of parameters and q. Here two cases are possible (Fig. 3 ): 1) when the parametric vibrations amplitude is steady, the vibrating system is stable (Fig. 3, a) ; 2) when the parametric vibrations amplitude is growing -the vibrating system is unstable (Fig. 3, b) . The state of the system can be evaluated by means of Ince-Strutt diagram (Fig. 4) , which is constructed in the plane of parameters a and q. Knowing the values of parameters and q we determine the area in which there is he intersection point of the values of these parameters: if this point falls on the hatched diagram area, then the system state is unstable. As seen from Fig. 4 , in the plane of t parameters and q the stable areas are alternating with the unstable ones. By changing the values of parameters and q it is possible to achieve that their intersection point fell on to the stability area. Note that with the increase of z and ω both parameters ( and q) proportionally decrease. Since the relation of both parameters is stable
, the states of the serially changing system are outlined by the points of straight line ka q = crossing the origin of coordinates (Fig. 4) .
Experimental study of a prototype of generator of torsional vibrations
In order to ascertain validity of theoretical considerations the prototype of torsional vibrations generator has been made [7] and experimentally studied in stationary and dynamical conditions. The main parameters of the generator are:
• the number of permanent magnet pairs z = 8;
• magnet poles in both links of a magnetic mechanism are placed alternately; Resisting torque and axial magnetic force of the generator of torsional vibrations have been measured experimentally (Fig. 5) . Change of the torque direction (Fig. 5, a) is caused by the change of position of the magnets. The magnets are attracting each other till the angle of generators rotation is less then 22.5 deg. Later the magnets are pushing each other. Therefore torsional vibrations of the moving link are generated while the spindle of the drilling machine is rotating. (Fig. 7) . The dominant component of the spectrum is also 2ω. However components of 6ω, 10ω, 14ω and 18ω may be noticed. Root mean square value of amplitude in this case has been measured 3.57 V, what is approximately 2.5 times more a in the case of over resonance vibrations (ω = 50 Hz).
Conclusions
Theoretical and experimental studies indicate that relatively simple generator of torsional vibrations, which operation principle is based on the interaction of permanent magnets placed on driving and driven links, can be applied for vibratory drilling fulfilling the condition that vibration speed is larger than the cutting speed.
More comprehensive experimental studies will enable determination of the limits of technological possibilities of this processing method.
